This research was performed for a period of three years to determine the effect of natural seed ageing on different physiological and biochemical changes in three extensively cultivated onion cultivars in Northern India. Seed storage studies showed that germination percent, seed viability and other seed quality parameters decreased significantly with increasing storage time. The onion seed can be stored for a maximum period of one year under ambient conditions to maintain required germination percentage (>70%). Overall, Hisar Onion-4 stored better when compared to Hisar Onion-3 and Hisar-2. As the ageing progressed the seed antioxidants, namely superoxide dismutase (SOD), catalase (CAT), dehydrogenase (DHA) and peroxidase (POD) decreased significantly (p < 0.05) in all cultivars whereas, the electrical conductivity (EC) of seed leachates increased significantly. Under the field conditions, seedling establishment percent (SE) onion seed was positively correlated (R 2 = 0.98; p < 0.05) with germination percent (GP). Overall, more than one year period of seed storage was associated with poor germination and seedling establishment potential in onion.
Introduction
Onion (Allium cepa L.), a member of the Alliaceae family, is one of the most important commercial vegetable crops. India ranks first in terms of area (1320.04 thousand ha) and second in production (20, 931 .21 thousand t) after China with average productivity of 15.86 t/ha [1] . The productivity of onion in India is very low when compared with Ireland (30.5 t/ha), USA (66.82 t/ha), Spain (52.48 t/ha) and China (22.08 t/ha) [2] . As the area planted with onion is increasing, the demand for high-quality seed is growing [3] . Availability of viable and vigorous seed at the time of planting is of paramount importance for accomplishing production targets [4, 5] . Because the cultivable area is slashing as a consequence of the ever-growing population, the increased agricultural productivity is the only alternative that could be achieved through good quality inputs [6, 7] . Furthermore, the good quality seed is the primary requirement to accentuate the production along with productivity, as it increases the productivity of crop by 15-20%. The seed is a living entity, and it loses its viability after a certain period of storage [8, 9] . Concerning this, onion seed is classified as an orthodox and poor storer because it can't maintain viability after 1-1.5 years of storage under ambient conditions [10, 11] . The significant factors affecting the seed quality during storage are temperature and relative humidity [12] . Therefore, studies are conducted to determine the actual cause of seed ageing phenomenon; in such studies, more emphasis is given on physiological and biochemical changes escorted during storage [13] . Seed ageing has been hypothesized to be caused by processes like lipid peroxidation, enzyme inactivation or decline in proteins, cell membrane disintegration and damage due to genetic factors [14] [15] [16] . The most important hypothesis regarding seed ageing is the degradation of enzymes due to structural changes at the macromolecular level [17] [18] [19] [20] . Correspondingly, it has been concluded that aged seeds have reduced activity of enzymes like superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD) [21] . Reduced enzyme activity in the aged seeds leads to impaired respiratory capacity, which reduces seed vigour [22] . Free radicles in ageing seeds, in the absence of these enzymes, lead to a decline in seed viability.
There is a scarcity of information on these lines for onion seed lots. Also, studies on these seed quality parameters have been mostly focused on the field crops, and such efforts are not at an adequate level in vegetable crops. In this direction, the present study was carried out to determine the physiological changes and antioxidant enzyme concentrations in fresh as well as aged onion seeds of popular cultivars from Northern India.
Materials and Methods

Seed Material
The freshly harvested seed of onion cultivars, namely, Hisar-2 (V 1 ), Hisar Onion-3 (V 2 ) and Hisar Onion-4 (V 3 ) were brought to the laboratory and stored in cloth bags under room temperature conditions (27 ± 1 • C, relative humidity (RH) 54 ± 3%) with seed moisture 7-8%. This seed was used for further studies according to different years of natural seed ageing. These cultivars were selected based on their extensive cultivation and popularity among Haryana farmers in Haryana, India. Further, there were three replicates of each genotype for every parameter studied.
Germination and Seed Viability Determination
Germination assays were determined according to the procedure described by International rules for seed testing (ISTA) [23] by placing seeds in Petri plates for germination at 20-22 • C and 90 ± 2% RH (100 sterilized seeds per Petri plate in four replicates) in a germination chamber. Germination (%) was scored at radicle growth of 2 mm, or more and counting of normal and abnormal seedlings was started on the 5th day and continued to 20th day (final count) followed by calculation of germination percentage. After the germination test, seedling length, dry seedling weight and seed vigour index were measured and calculated as per the standard procedure [17] . Seedling length (cm) was measured from 20 randomly selected normal seedlings at time of final count of germination. These selected seedlings were then kept in a hot air oven at 60 • C for 48 h for the recording of seedling dry weight (mg). Based on the seed germination, seedling length and seedling dry weight data, seed vigour index-I (SV-I) and seed vigour index-II (SVI-II) were calculated as defined elsewhere [24] . SVI-I was estimated as the standard seed germination (%) × seedling length (cm). Whereas, SVI-II was calculated as the standard seed germination (%) × dry weight (mg). To evaluate the viability, 25 seeds were soaked in 50 mL water and kept in the incubator at 30 ± 1 • C (in three replicates) for 24 h. After incubation, seeds were cut longitudinally and maintained in 1% staining solution of 2,3,5-triphenyl tetrazolium chloride (TTC) for 4 h at 38 ± 1 • C under dark conditions [25] . During the staining period, only viable part of the seed is converted into red colour due to the formation of triphenyl formazon from TTC solution.
Accelerated Ageing Test (%)
100 freshly harvested seeds of each of three cultivars were taken for artificial ageing. Seeds were put into a nylon bag (having distilled water at the bottom) and placed in an accelerated ageing chamber at 40 ± 1 • C and about 100% RH for 48 h. After the incubation, these seeds were tested for germination, according to ISTA [23] .
Electrical Conductivity Test (EC)
The electrical conductivity of seed leachates was measured for seeds of different age. Fifty seeds were soaked in 75 mL deionised water and incubated at 25 • C for 24 h. Seed leachates were collected, and conductivity (dS/cm/seed) was recorded by using digital conductivity meter along with deionised water as a control [26] .
Biochemical Characteristics
For testing enzyme activity seeds of each cultivar were imbibed in a beaker at 30 • C for 24 h. 200 mg of the imbibed seeds sample was ground in a chilled pestle mortar with 10 mL phosphate buffer (pH 7.8) and pinch of coming salt. The 10 mL homogenate as centrifuged at 12,000 rpm for 20 min at 4 • C. The supernatant obtained was then recentrifuged at 15,000 rpm for 10 min. The clear supernatant, thus obtained, was used for estimating the activity of enzymes such as catalase (CAT), peroxidase (POD) and superoxide dismutase (SOD).
Catalase Activity Test (CAT)
The CAT activity was measured as per the procedure is given by Aebi [27] , through measuring the disappearance of H 2 O 2 (ε = 39.4 mM −1 ·cm −1 ). A 3 mL reaction mixture containing sodium phosphate buffer (50 mM, pH 7) and 10mM·H 2 O 2 and enzyme extract from seed was prepared. The absorbance was measured at 240 nm in a spectrophotometer (Specord-205, Analytik Jena AG, Jena, Germany). It was expressed in terms of H 2 O 2 (nmol) reduced as nmol min −1 ·mg −1 protein.
Peroxidase Activity Test (POD)
Peroxidase activity (POX) was measured based on the procedure given by Rao et al. [28] , by monitoring the formation of tetraguaiacol (ε = 26.6 mM −1 ·cm −1 ) from guaiacol. The POX reaction mixture (3 mL) containing 0.5 mM phosphate buffer (pH 6.1), 16 mM guaiacol, 2 mM H 2 O 2 and 20 µL of enzyme extract was prepared and changes in absorbance of the reaction mixture at 470 nm were observed at every 30 s. The specific activity of the enzyme was expressed as µmol −1 ·min −1 ·mg protein tetraguaiacol formed.
Superoxide Dismutase Activity (SOD)
The SOD activity was determined as per the procedure specified by Dhindsa et al. [29] with minor modifications. The SOD activity was estimated by estimating the decrease in optical density of formazone, made by superoxide radical and nitro-blue tetrazolium dye by the enzyme. Further, absorbance was captured at 560 nm using a spectrophotometer, and one unit of enzyme activity was estimated as the quantity of enzyme that reduced the absorbance reading by 50% in comparison to tubes lacking the enzyme. The specific activity of all the enzymes was expressed as units/S/mg −1 protein.
Dehydrogenase Activity (DHA)
DHA was measured as per the procedure by using 0.5% tetrazolium solution as defined elsewhere [30] . The absorbance was recorded at 480 nm in a spectrophotometer, and enzymatic activity was expressed as OD g −1 ·mL −1 . The 200 mg flour prepared was soaked in 5 mL of 0.5% tetrazolium chloride solution at 38 • C for 3-4 h. After soaking it was centrifuged at 10,000 rpm for 3 min and the supernatant was discarded. The formazan from the sediment was extracted with 10 mL acetone for 16 h, followed by centrifugation and absorbance of the solution was determined by Systronic spectrophotometer 169 (Systronics, Ahmedabad, India) at 480 nm. These observations were expressed as change in OD g −1 mL −1 .
Seedling Emergence Index (SEI)
The number of seedlings emerged under field conditions were counted daily from 1st day to 20th day, and the seedling emergence index was calculated as described elsewhere [31] .
Seedling Establishment (%)
Seedling establishment was estimated under field conditions by including the total number of seedlings after emergence or when there was no further addition to the total emergence.
Statistical Analysis
The statistical significance of the cultivars and their interaction effects with the storage period, and seed quality parameters were analyzed [32] . The Pearson correlation coefficients were estimated, making use of Statgraphics Centurion XVI software (StatPoint Technologies, Warrenton, VA, USA). Whereas, the simple linear regression between seed age and quality parameters was worked out using a data analysis tool pack in MS Excel.
Results
For the study, four differentially aged seed lots of three cultivars of onion were selected, namely, V 1 (Hisar-2), V 2 (Hisar Onion-3) and V 3 (Hisar Onion-4). Results of the different parameters under study are discussed as follows.
Seed Physiological Parameters
Physiological parameters of onion seed, namely, germination (%), seedling length (cm), seedling dry weight (mg) and seed viability (%) declined with increase in the age of the seed in all of the three cultivars under study. Among the three cultivars best performing cultivar was Hisar Onion-4 (V 3 ). Germination of V 1 , V 2 & V 3 in fresh seed (83, 83.67 and 84.67%) reduced to 9.33, 11 and 12.67% in the four-year-old seed ( Figure 1A ). Due to the natural ageing, the maximum reduction in germination and viability was observed in V 1 compared to V 2 and V 3 . The seed ageing leads to a gradual decrease in seedling characteristics, namely, length (cm) and dry weight (mg) in onion ( Figure 1B ,C). The highest seedling length (15.23 cm) was observed in V 1 , while highest seedling dry weight (3.795 mg) in freshly harvested seed of V 2 and V 3 cultivars, respectively. However, with the progression of the storage period, the parameters declined in all three cultivars. Onion seed viability was assessed and it was found that the freshly harvested seeds (0 years) showed more than 80% viability in all three cultivars which gradually declined and very low viability (11-14%) was recorded after three years of natural ageing in all cultivars ( Figure 1D ). On comparative evaluation, Hisar Onion-4 (V3) showed better seed viability than other cultivars after natural ageing. The results showed that more than 40% of seeds were non-viable after 2 years of natural ageing. The reduction in germination percent (GP), seedling length (SL) and seedling dry weight (SDW) also affect the seed vigour index-I & II accordingly (Figure 2 ). Due to natural ageing, the potential of seed declined significantly from 1176.82-47.71, 1274.72-62.5, and 1250.25-94.6 in V 1 , V 2 and V 3 respectively.
Out of the 105 correlations, 23 were highly significant at p < 0.01 with high absolute values (>0.90), while 21 were non-significant. All the seed quality parameters, except EC has a negative correlation with seeds age (Table 1) . Whereas, EC had a positive correlation with seed age but a negative correlation with all seed quality parameters. (Table 1) . As the germination, seed vigour index-I, seed vigour index-II and seed viability has a robust relationship with the field parameters (seedling emergence index and seedling establishment), these can prove to be a useful indicator of field emergence. Simple linear regression of seed age on germination ( Figure 3 ) and seed viability ( Figure 4 ) show high fitness of models with R 2 values of 0.95 and 0.91, respectively. Seed age explains 95% variation in germination and 91% variation in seed viability. A B C D 
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Simulation of Natural Ageing and Artificial Ageing
The accelerated ageing test (AAT) was performed to simulate the natural ageing with artificial methods. It was observed that 48 h AAT reduced the germination % of fresh onion seed up to 64.62-65.92%, which is equal to one year of natural ageing under ambient storage conditions ( Figure 1A) . Out of the three cultivars, Hisar Onion-4 (V 3 ) had the highest germination (65.92%), which leads to the conclusion that it is the best storer among the three cultivars. AAT has a high negative correlation (r = −0.96, p < 0.05) with the age of onion seed (Table 1 ). 
Biochemical Parameters
The seed biochemical parameters, namely electrical conductivity (EC), dehydrogenase activity (DHA) and antioxidants sodium peroxidase (SOD), catalase (CAT) and peroxidase (POD) were assessed in differentially aged onion seeds. The EC activity increased significantly as the duration of ageing increased, and maximum EC of seed leachates was observed after three years of storage (Lot 4); among the cultivars, Hisar-2 (V1) showed higher seed leachate EC than others ( Figure 5A ). Moreover, EC showed significant (p < 0.05) positive correlation with seed age and negative correlation with other seed attributes ( Table 1) .
The specific activity of the dehydrogenase (DHA) enzyme decreased significantly in all three cultivars of onion with an increase in natural ageing. The maximum DHA activity (0.851 OD·g −1 ·m −1 ) was observed in the fresh seed of V1, followed by V3 (0.862 OD·g −1 ·m −1 ) ( Figure 5B ). The loss of dehydrogenase enzyme activity are parallels with loss in onion seed viability and vigour, which showed that this enzyme is used to access the viability of the seeds. The production of some respiratory enzymes is an indication of embryo viability and declining of dehydrogenase in seeds may contribute to respiratory failure leads to loss of seed viability. Biochemical deterioration of embryo axes of onion seed also downgrade the defence-related proteins (antioxidants system) of seed, namely CAT, SOD and POD. The CAT, POD and SOD were recorded in differentially aged onion seed lots and enzyme activity decreased with ageing in all the genotypes ( Figure 5C,D) . The maximum CAT (0.166 mg·protein −1 ·min −1 ) was recorded in Hisar Onion-3 (V2), and maximum SOD (0.103 mg·protein −1 ·min −1 ) and POD (35.18 mg·protein −1 ·min −1 ) activity was recorded in Hisar Onion-2 (V1) in freshly harvested seed lot, while minimum activity (0.023) was observed in three years aged seed lot. CAT, SOD and DHA have a high negative correlation with seed age, while POD had a perfect negative correlation with seed age ( 
The seed biochemical parameters, namely electrical conductivity (EC), dehydrogenase activity (DHA) and antioxidants sodium peroxidase (SOD), catalase (CAT) and peroxidase (POD) were assessed in differentially aged onion seeds. The EC activity increased significantly as the duration of ageing increased, and maximum EC of seed leachates was observed after three years of storage (Lot 4); among the cultivars, Hisar-2 (V 1 ) showed higher seed leachate EC than others ( Figure 5A ). Moreover, EC showed significant (p < 0.05) positive correlation with seed age and negative correlation with other seed attributes ( Table 1) .
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Seedling Emergence Index and Seedling Establishment (%)
Seedling emergence index (SEI) and seedling establishment (SE) decreased as the period of natural ageing increased in all the three genotypes. Highest SE (67.5%) was observed in V 2 and V 3 , however in the with the progression of the age of seed V 2 performed better than V 3 ( Figure 1D ). The positive correlation (r = 0.995, p < 0.05) between germination percentage (GP) and seedling establishment (SE) showed that natural ageing reduced the germination of seed both under laboratory and field conditions (Table 1) . Highest SEI was also recorded in the case of V 2 with a value of 6.63 ( Figure 6 ). Also a simple linear regression model explains 91% variation (R 2 = 0.91) in seedling emergence with ageing in seed (Figure 7) . SEI also has a significant correlation (r = 0.992, p < 0.05) with germination percent (Table 1) .
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Seedling emergence index (SEI) and seedling establishment (SE) decreased as the period of natural ageing increased in all the three genotypes. Highest SE (67.5%) was observed in V2 and V3, however in the with the progression of the age of seed V2 performed better than V3 ( Figure 1D ). The positive correlation (r = 0.995, p < 0.05) between germination percentage (GP) and seedling establishment (SE) showed that natural ageing reduced the germination of seed both under laboratory and field conditions (Table 1) . Highest SEI was also recorded in the case of V2 with a value of 6.63 ( Figure  6 ). Also a simple linear regression model explains 91% variation (R 2 = 0.91) in seedling emergence with ageing in seed (Figure 7) . SEI also has a significant correlation (r = 0.992, p < 0.05) with germination percent (Table 1 ). 
Discussion
The decrease in seed physiological parameters with relation to natural ageing in different cultivars showed that onion seeds, in general, are poorer storer [33] . Various researchers reported several reasons for the decrease in germination and viability, namely, chromosomal aberrations, α-amylase activity and carbohydrate contents [17] and denaturation of proteins [34] . However, it was reported that when ageing progresses beyond a critical period, then there is a carryover effect of ageing, which significantly reduces germination and radical length [35] . The results recorded in this study are similar to result of other workers, namely in garden pea [36] ; in soybean [37] ; in pea [38] ; in turnip [39] ; in mustard [40] and chickpea [41] .
Simulation of natural ageing with AAT is a useful tool for the maintenance of different genotypes in the seed bank [42] . The test simulates the cell damage during long term storage and thus is helpful in obtaining information on seed vigour [43] . During the accelerated ageing, seed lot is exposed to high temperature and high relative humidity, which leads to the loss of vigour and eventually viability, and it is an excellent method to determine the vigour changes during seed storage [44] . Hence, AAT can prove to be a useful tool in seed quality control programmes. Fabrizius et al. [45] also confirmed the possibility of predicting the actual germination of soybean seed during natural ageing by applying the accelerated ageing test. When compared with the seed germination in naturally aged seed lot, germination in AAT provides a baseline for the studies where the naturally aged seed is not available [46] . In naturally aged seed with the decline in germination percentage enzyme activity also decreases. Thus the germination is a good indicator for the biochemical changes in case of AAT also. Further studies on the biochemical changes in onion seed after AAT can be conducted. Such studies have been undertaken in carrot, cucumber, radish and peanut [47] [48] [49] [50] .
As the age of the seed, EC increases and enzyme activity decreases, which is evident from the low germination, viability and vigour of the seed. Blackman and Leopold [51] also proposed an ageing model for onion seed which states that the ageing is accompanied with denaturation and degradation of proteins, enzyme inactivation, breakdown of phospholipids and depository lipids, lipid peroxidation and alteration of membrane permeability. Similarly, it was also reported increased peroxidation and low antioxidant enzyme activity with the ageing of seed [52] [53] [54] . The high seed leachates EC is the indications of seed deterioration process because outer and inner membranes of cells appeared as potential targets during seed ageing and it may cause alteration of lower plasma membrane ATPase activity [55] . In studies on peanut [50] , watermelon [56] , soybean [57] , sunflower [58] and safflower [59] it was reported that an increase in electrolyte leakage is associated with a decrease of seed germination. It was also reported that during the seed deterioration amadori rearrangements are taking place in the dry seed system, which involves interactions between reducing sugar and protein amino groups resulting into formation of glycated proteins [60] . Later on, during Millard reaction, different amadori products interact with each other and formed polymeric brown coloured products [61] . Therefore, lipid peroxidation and the loss of membrane phospholipids are significant causes of seed ageing under natural ageing conditions [5] . SOD serves a protective role in respiring cells through its elimination of the reactive superoxide radical [62] . The SOD activity can maintain a low concentration of superoxide in the cells and prevent the formation of harmful oxidative products in plant cells [63] .
Similarly, CAT and POD activity decreased with the ageing of seed in all cultivars, but Hisar Onion-3 showed a higher amount of activity after a certain period of ageing. These results support the hypothesis of [52] , which states that a decrease in antioxidant enzymes activity is linked to increased lipid peroxidation and accelerated ageing. Previously, a positive relationship between antioxidant enzyme capacity and the vigour of the seed was also determined [53, 54] . Loycrajjou et al. [64] reported that ageing induced deterioration increases the extent of protein oxidation, and loss of functional properties of proteins and enzymes. The experimental results obtained from this study show similarities with the effects of the ageing model of onion seeds developed by Blackman et al. [51] which suggest that ageing coincides with protein denaturation, degradation, inactivation of enzymes, the breakdown of phospholipids, lipid peroxidation and alteration of membrane permeability. Scialabba et al. [65] reported that peroxidase activity decreased in aged seeds as compared to fresh seeds in radish. Pallavi et al. [66] studied that sharp decline in peroxidase enzyme during ageing in sunflower. Peroxidase and catalase activities were found higher in younger seeds of Chenopodium rubrum [67] . Verma et al. [40] observed that the dehydrogenase activity was reduced as the ageing progressed and was found lowest after four years of storage in Brassica spp. It seems possible that these effects are due to damage to RNA synthesis, which ultimately leads to decreased synthesis of proteins and inactivation of enzymes [68] . The attack of reactive oxygen species (ROS) on all enzymes causes damage to the molecules and also reduces sugar concentration in cells, which can play a significant role in the reduction of antioxidant activity [14, 69] . Free radicals form during the storage of the seed, even if oxygen is present in trace amounts. Fatty acid hydroperoxide formation takes place from the decomposition of unsaturated fatty acid moieties, which further breakdown to alkoxyl radicals [70] . In aged seeds where active enzymes scavenging free radicals are low, the degradation products of lipid peroxidation accumulate, which ultimately leads to a loss in seed viability [71] . Further, this is supported by the positive correlation between the enzymes and seed viability ( Table 1 ). The decrease in the SE and SEI might be due to the reduction of enzymes (α-amylase and other hydrolytic enzymes) [27] ; lipid peroxidation and other biochemical degradation that take place during storage of seeds [72, 73] . Seedling establishment is based on the different heterogeneous conditions of open field, and it's also positively correlated with all seed physiological parameters.
Conclusions
This study explores the impact of seed ageing on the physiology and biochemistry of seed and concludes that seed age is negatively correlated with these quality parameters except for EC with which it has a positive correlation. Free radicals in the ageing seeds are responsible for the deterioration of seed membrane, which leads to an increase in seed leachates and consequently EC. In the event of scarcity of antioxidant enzymes, namely DHA, CAT, POD and SOD, these free radicals lead to a decline in the seed viability in the ageing seed. The interplay of these factors leads to the ultimate decrease in physiological attributes of seed, and thus storage capacity of seed is affected. A comparison between germination under natural ageing and AAT can also be made from this study, which will form basis for drawing appropriate conclusions in further studies based on the artificially aged seed. AAT will prove to be an indispensable tool for quality control measures in commercial seed production programmes. This study extends our understanding of the role of antioxidant enzymes in seed ageing as well as their influence on seed physiology in onion seed, the aspects which were thoroughly explored only in case of seeds of field crops. Funding: This research received no external funding.
